In cyanobacteria the protein on the outside of the gas vesicle, GvpC, is characterised by the presence of a 33 amino acid residue repeat (33RR), which in some genera is highly conserved. The number of 33RRs correlates with the diameter of the gas vesicle and inversely with its strength. Gas vesicles isolated from Microcystis aeruginosa strain PCC 7806 were found to be wider and have a lower critical collapse pressure than those from Microcystis sp. strain BC 8401. The entire gas-vesicle gene cluster of the latter strain was sequenced and compared with the published sequence of the former: the sequences of nine of the ten gvp genes differed by only 1-5% between the two strains; the only substantial difference was in gvpC which in strain BC 8401 lacked a 99-nucleotide section encoding a 33RR. This observation further narrows the correlation of gas vesicle width to the number of 33RRs and suggests how Microcystis strains might be used in experimental manipulation of gas vesicle width and strength.
Introduction
The protein, GvpC, present on the outer surface of gas vesicles may influence the width and critical collapse pressure of the structures, which vary in cyanobacteria from lakes of different depth [1] . Variants of this protein in different strains of Microcystis spp. suggest this cyanobacterium might be used to investigate the role of GvpC in gas vesicle morphology.
Gas vesicles provide buoyancy in aquatic prokaryotes. The hollow cylindrical structures withstand moderate pressures but collapse flat at higher pressures [2] , losing their buoyancy. The critical pressure, p c , at which a gas vesicle collapses is inversely related to its cylinder width [3, 4] , which varies in different cyanobacteria [5, 6] . Narrower gas vesicles provide buoyancy with less economy than wide ones but in deeper lakes they are selected by their ability to withstand greater hydrostatic pressures [7] . There is interest, therefore, in what determines their width. Gas vesicles develop from hollow biconical initials that grow until they reach a certain transition width; further growth then occurs through the formation and extension of a cylindrical mid section between the conical ends [8, 9] ; the width of the cylinder is fixed at the point at which this transition occurs.
Gas vesicle walls are formed entirely of protein [10, 11] . The major constituent (about 90% in Anabaena flos-aquae [1, 12] ) is a small hydrophobic protein, GvpA, arranged along ribs that form the cylinder and cones. The next major component is a larger hydrophilic protein, GvpC, attached at the outer surface of the gas 0378 vesicle [13] . GvpC can be removed: the gas vesicle remains intact but becomes much weaker [13] ; the strength is recovered when the protein rebinds to the surface [14] , stabilising the structure. During gas vesicle formation GvpC attaches to both the end-cones and central cylinders [12] and it might, therefore, determine where the cone-cylinder transition occurs during assembly, and thereby determine gas vesicle width. Other gvp genes may also be involved in the assembly: there are 10 different gvps in the gvp gene cluster of Microcystis aeruginosa [15] and 14 in the archeon Halobacterium salinarium [16] [17] [18] . Products of gvpF, gvpJ, gvpL, gvpG, and gvpM have been detected by immunocytology on gas vesicles isolated from halobacteria [19] . In halobacteria, gas vesicle size and shape is altered by modifying the amino acid sequence of GvpA [20] and mutation of GvpC [21, 22] but the gas vesicles in these organisms are pleomorphic and unsuitable for investigating control of cylinder width.
In cyanobacteria, the variation in width and strength of gas vesicles cannot be explained by differences in the highly conserved amino acid sequence of GvpA. In Planktothrix rubescens, for example, strains that produce gas vesicles of different widths have GvpAs of identical sequence [23] . There are, however, much larger differences in GvpC sequences in different cyanobacteria (cf. [7, 15, [23] [24] [25] [26] [27] [28] . In some genera the GvpCs contain contiguous repeats of a highly conserved 33-residue repeating motif (33RR): e.g., there are four such repeats in GvpC of Calothrix sp. [24] ) and Microcystis [15] , five in A. flos-aquae [25] and either five or seven in different isolates of Nodularia [28] .
It has been suggested that the size of GvpC [25] , and particularly the number of 33RRs in the molecule [1] , may affect gas vesicle width. For example, gas vesicles of A. flos-aquae, with five 33RRs, are wider than those of Calothrix sp., with only four 33RRs. The best correlation comes from Planktothrix spp. with three types of GvpC, the 16 kDa GvpC 16 , 20 kDa GvpC 20 , and 28 kDa GvpC 28 , which make gas vesicles of widths 51, 58 and 67 nm, that have mean p c s of 1.1, 0.9 and 0.7 MPa, respectively. The sequences of these three GvpCs differ only in the presence or absence of a 33-residue and a 73-residue sequence (encompassing perhaps 2 cryptic 33 residue repeats) [7, 23] .
The suggestion that the number of 33RRs in a GvpC controls gas-vesicle width could be tested by genetic modification of the encoding genes: this requires a cyanobacterium that produces gas vesicles of different widths correlated with GvpCs with different numbers of highly conserved 33RRs. The complete sequence of the gvp gene cluster in Microcystis PCC 7806 published by Mlouka et al. [15] suggested that this cyanobacterium had the required properties: the size difference between GvpC in this strain (25 kDa) and in Microcystis BC 8401 (22 kDa, [13] ) suggested an extra 33RR; the latter strain has gas vesicles that are narrower and stronger [6] than in other strains [29, 30] . In this paper, we report the complementary measurements: the width and p c of gas vesicles in Microcystis PCC 7806 and the sequence of GvpC in strain BC 8401. They indicate that these strains of Microcystis spp. would be suitable for investigating the genetic regulation of gas-vesicle width.
Materials and methods

Microcystis cultures
Both M. aeruginosa PCC 7806 and Microcystis BC 8401 (CCAP 1450/30) were maintained in BG 11 medium [31] . Gas vesicles were isolated from 1-l cultures grown in half strength BG11 medium in 2-l Erlenmeyer flasks. Cultures were maintained at 23-28°C under an incident photon irradiance of 6 lmol m À2 s À1 .
Gas vesicle isolation
Cells of Microcystis BC 8401 were concentrated by flotation; those of M. aeruginosa PCC 7806 were concentrated by reverse osmosis against PEG-6000 and then collected on Millipore TM membrane filters, of pore size 0.22 lm. The Microcystis cells were lysed with lysozyme (1 mg ml À1 , Sigma) in 5 mM NaCN overnight [5, 12] . Gas vesicles were then collected by repeated centrifugal flotation in 5 mM K 2 HPO 4 and 5 mM NaCN.
Critical pressure of gas vesicles
The critical pressure distributions of gas vesicle in Microcystis were measured in cells suspended in 0.5 M sucrose (to remove cell turgor pressure) and 5 mM K 2 HPO 4 (to stabilise pH), using a pressure nephelometer [32] . The mean and standard deviation of the critical pressure (p c ) were calculated from triplicate collapse/ pressure curves [6] .
Electron microscopy
Suspensions of isolated gas vesicles were dried onto freshly cleaved mica, on which the gas vesicles collapsed flat. Platinum-carbon shadowed replicas were prepared for transmission electron microscopy [5] . The precise magnification of each image was determined by reference to the TEM image of a calibrated grid, refocusing with only the z-control [6] . Images were scanned with an Epson Perfection 3200 Photo Scanner and converted into TIFF files by Epson Scan v1.00E. The mean width (w) of each collapsed gas vesicle was determined from 5 or more measurements with UTHSCSA Image Tool, v3 (in pixels); the overall mean width in nanometres (w) was calculated from the magnification and the mean diameter calculated as d = 2/wp. The widths were normally distributed and their diameters were compared with 2-sample t-tests.
PCR and DNA sequencing
Genomic DNA from Microcystis BC 8401 was used as the template for PCR reactions. Primers used for amplification are given in Table 1 . PCR amplification reactions of 25 ll contained 1 ll genomic DNA, 1 U SuperTaq DNA polymerase (HT Biotechnology), 10· SuperTaq buffer (HT Biotechnology), 2 mM deoxynucleotide triphosphates (Promega), and forward and reverse primers at 0.5 mM. Reaction conditions were 1· (94°C, 4 min), 30· (94°C, 45 s; 53°C, 1 min; 72°C, 1 min), 1· (72°C, 10 min), unless otherwise stated in Table 1 . Reactions were carried out in a PCR Sprint thermal cycler (Hybaid). PCR products were analysed by 1.2% (w/v) agarose gel electrophoresis in 1· TAE buffer [33] . Sets of five PCR reactions were pooled to eliminate misincorporated bases and PCR products were then isolated by Qiagen Ò PCR purification kit (Quiagen) or by gel purification. Excised bands were purified using the High Pure PCR Product Purification Kit (Boehringer, Mannheim). PCR products were re-precipitated with 10% (v/v) 3 M NaAc and 100% (v/v) isopropanol, collected by centrifugation, washed in 70% (v/v) ethanol, and vacuum dried. The resulting pellet was resuspended in 20 ll of 10 mM Tris-HCl (pH 8.3) for each sequencing reaction. Sequencing was carried out by MWG AccuRead. Sequence translation and comparison was carried out using DNAman (Lynnon Biosoft). 
MALDI-TOF analysis
The molecular mass of proteins in samples of purified gas vesicles was determined by MALDI-TOF analysis. Isolated gas vesicles were diluted to a concentration of approximately 100 lg protein ml À1 . Protein concentration estimates were made by pressure-sensitive optical density (PSOD) measurements using 1-cm pathlength cuvettes at a wavelength of 500 nm: a PSOD of 20.8 is equivalent to a concentration of 1 mg ml À1 gas vesicle protein from A. flos-aquae [34] . Samples of 5 ll were deposited onto the MADLI-TOF target. Mass spectra were obtained with a PE Biosystems Voyager-DE STR Maldi-Tof mass spectrometer using a nitrogen laser operating at 337 nm.
Results and discussion
Sequence of the gvp gene cluster
Sequencing showed that the gvp gene cluster in Microcystis strain BC 8401 contains the same ten gvp genesgvpA, C, N, J, X, K, F, G, V and W -as in M. aeruginosa PCC 7806 and that they occur in the same order (Fig. 1) . The cluster, from upstream of gvpA to the 3 0 -end of gvpW, comprised 7153 bp (Genbank Accession number AY965344). In nine of the ten genes, 95 to 99% of the nucleotides are identical (98% in gvpA, 99% in gvpN, 97% in gvpJ, 96% in gvpX, 99% in gvpK, 98% in gvpF, 95% in gvpG, 98% in gvpV, and 97% identical in gvpW). Upstream of the gvpA is another gvpA differing in 7 nt but encoding an identical protein. The protein products of gvpA and gvpC, which form the main constituents of cyanobacterial gas vesicles [25] , were investigated.
The two gvpA genes in Microcystis strain BC 8401 encode a 70-residue protein; the sequence of the first 65 amino acid residues of GvpA [35] from gas vesicles of this strain is identical to the sequence inferred from the nucleotide sequence. The sequence of the gvpC coding region from this strain is 537 nucleotides long and, excluding the N-terminal methionine, which is absent from the mature protein [25] , encodes a protein of 178 residues. The sequence of the first 48 residues of GvpC from this strain of Microcystis [26] is identical to that inferred from the nucleotide sequence.
Analysis of Microcystis gas vesicles by MALDI-TOF gave the size of the two principal components as 7354 ± 3 Da and 21,038 ± 8 Da: these values correspond with the molecular masses calculated from the gene sequences of GvpA (7351 Da) and GvpC (21,043 Da), respectively (excluding N-terminal methionines). The products of the two genes are therefore identical to the proteins in the gas vesicles.
Sequence alignment shows that GvpA from Microcystis BC 8401 is identical to GvpAII and GvpAIII from M. aeruginosa PCC7806 (GvpAI differs in one residue) [15] . The gvpC gene in Microcystis BC 8401 is 99 nt shorter than gvpC of PCC 7806 and the GvpC is therefore 33 residues shorter. The best alignment of the inferred amino acid sequences in PCC 7806 and BC 8401 indicates that the 33 ÔmissingÕ residues run consecutively (from 146 to 178 in the larger GvpC, numbering the eliminated N-terminal met as: 1) and that the flanking sequences are highly conserved: excluding this segment from the comparison, the two genes show 96% identity and the encoded proteins 93% (12 different residues out of 178).
Mlouka et al. [15] pointed out that there are four (consecutive) 33RRs in the inferred amino acid sequence of GvpC from M. aeruginosa 7806: repeat I starts at residue 69, II at 102, III at 135, and IV at 168; GvpC in strain BC 8401 has three similar 33RRs, corresponding with repeats I, II and a spliced III/IV in strain PCC 7806. The 33RRs are so highly conserved, however, that the ÔmissingÕ 33RR might be located anywhere in this region of the GvpC molecule and the two sequences may have originated by either sequence deletion or replication. The consensus sequences for the 33RRs in the two strains differed by only two residues (Fig. 2) .
The consensus sequence of the three 33RRs in Microcystis strain BC 8401 shows little resemblance to the consensus sequence of the 33RR in either Calothrix sp. PCC 7610 [24] (12% identical) or A. flos-aquae [25] (18% identical) but the preceding 33 residues, 36-68, in Microcystis strain 8401 are 36% identical to the Anabaena consensus (Fig. 2) and the 33 residues from 52 to 84 are 46% identical. It might therefore be argued that the Microcystis GvpCs contain an additional functional 33RR of the Anabaena type. Structural studies are required to determine where the 33RR frame begins. However, the lack of a 33RR in strain BC 8401 is the main difference in the Gvp proteins of the two strains: we investigated possible associated changes in gas vesicle width and strength.
Gas vesicle diameters
The mean diameter of gas vesicles isolated from M. aeruginosa 7806 was calculated from electron microscope measurements of the width of collapsed vesicles to be 72.9 ± 5.6 nm (n = 104). Measurements of gas vesicles from Microcystis BC 8401 gave a mean diameter of 66.6 ± 3.2 nm (n = 96), which is close to the value obtained by Walsby and Bleything [6] for this strain, 65.2 nm. The difference in mean width of the two strains, 6.3 nm, is highly significant (StudentÕs t-test: t = À9.79, p < 0.001, df. = 166).
Gas vesicle critical collapse pressures
The mean critical pressure (p c ) of gas vesicles in the two strains was determined by measurements on gas vesicles in cells suspended in 0.5 M sucrose to remove cell turgor pressure. This is preferable to making measurements on the isolated gas vesicles themselves because the weaker gas vesicles originally present may be lost during the isolation procedure [36] . The mean p c for gas vesicles in M. aeruginosa 7806 was 0.65 ± 0.09 MPa (Fig. 3) . In Microcystis BC 8401 the mean p c was 0.77 ± 0.07 MPa, a difference of 0.17 MPa (1.7 bar). The results for the latter are similar to those obtained previously for this strain: 0.77 ± 0.12 MPa [6] and 0.79 ± 0.14 MPa [36] .
Conclusions
This investigation provides another example of a cyanobacterium in which the occurrence of wider gas vesicles is correlated with an increase in length of GvpC and in particular with the number of repeating sequence elements. The idea that the presence of the extra 33RR is a direct cause of the greater width is strengthened by the observation that there are few other changes in either the GvpCs of the two strains, or in the products of any of the other gvp genes. In order to prove Pressure applied / MPa Percentage gas vesicles surviving unambiguously that GvpC does determine gas vesicle width, however, it would be necessary to demonstrate that deletion of the 99 nt sequence that encodes a 33RR results in narrower and stronger gas vesicles or that insertion of the 99 nt sequence results in wider and weaker ones.
The experiment might be performed either by transferring the entire gene cluster to a transformable E. coli system or by genetic modification in one of the gasvesicle containing cyanobacteria. This investigation indicates that Microcystis might be the cyanobacterium that is most suitable for such studies, for a number of reasons. (1) The proposed deletion of the 99-nt sequence encoding one 33RR from GvpC in Microcystis strain PCC 7806 would not prevent gas vesicle formation as the equivalent change is tolerated in strain BC 8401. (2) Microcystis strains contain only one copy of the gvpC gene. In all Planktothrix strains investigated there are at least two, and in some as many as five, copies of the gvpC gene [7, 23] , all of which would have to be modified. ( 3) The 33RRs of Microcystis are highly conserved and contiguous. It is therefore not essential to identify the location of the start of the 33RR; deleting any sequence of 33 amino acids within the 33RR section will effectively remove one 33RR. With Planktothrix, on the other hand, where the repeating sequence is not highly conserved, it may be necessary to determine the repeat frame by trial and error deletions. (4) Gas vesicles are easy to isolate from Microcystis cells, lysed with lysozyme. Moreover, GvpC is more firmly attached to the Microcystis gas vesicles and, perhaps a consequence of this, they are more stable [36] . Planktothrix filaments, which are resistant to lysozyme treatment, are difficult to lyse. (5) Mutation experiments are simpler with unicellular cyanobacteria; in filamentous cyanobacteria mutations are selected only after mutant cells have developed into individual filaments, though this can of course, be achieved by using antibiotic resistance.
